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Dependency of proximal tubular fluid transport on the load of
glomerular filtrate
D. A. HABERLE, T. T. SHIIGAI,* G. MAIER, H. SCHIFFL, and J. M. DAvIs**
Physiologisches Institut der Universität MOnchen, Munich, West Germany
Dependency of the proximal tubular fluid transport on the load of
glomerular filtrate. In hydropenic rats, the reabsorption of glomerular
filtrate by the proximal convoluted tubules was measured before and
after reduction of its intratubular flow rate. Three different protocols
were used. (I) In 26 tubules (14 rats), nephron glomerular filtration rate
(SNGFR) was varied from 37.2 7.3 to 20.4 7.1 nI/mm by
microperfusing their loops of Henle at 0 to 5 nI/mm and 40 nI/mm,
respectively. This 43% reduction of SNGFR was followed by a 36.0
23.3% reduction of volume reabsorption rate (P <0.001). Between both
parameters a linear regression line can be calculated, which is given by
y = 0.92x + 0.0017. (2) In 17 tubules (14 rats), SNGFR was altered again
by feedback from 46.0 9.7 to 28.8 9.3 nI/mm. The volume
reabsorption from the first half of the proximal convoluted tubule was
compared with the reabsorption in its late proximal segments, which
were microperfused with proximal tubular fluid at a rate of 20 nI/mm.
The 36.8% reduction of SNGFR was followed by only a 28.2%
reduction of volume reabsorption rate in the first half of the tubule. In
the microperfused segments, however, reabsorption remained unal-
tered. (3) In 29 tubules (21 rats), at the midpoint of proximal convolu-
tions, some of the tubule fluid was removed by a suction pump, and
volume reabsorption rate in the late segments was compared with that
in the early parts of this tubule, when SNGFR remained stable. The
reduction of intratubular flow from 27.7 8.5 to 14.7 5.8 nI/mm,
which is 53% of control, was followed by a reduction of volume
reabsorption rate in the late segment to 60.6% of control. Between both
parameters a regression line was calculated, which is given by y = 0.76x
0.01. We conclude that the rate of volume reabsorption by the
proximal tubule depends on its intratubular load of glomerular filtrate
and, further, that this dependency accounts predominantly for the
maintenance of glomerular tubular balance under conditions of hydro-
penia.
Dépendance du transport tubulaire proximal de liquide vis a vis de Ia
charge de filtrat glomérulaire. La reabsorption de filtrat glomcrulaire
par les tubes contournés proximaux de rats hydropCniques a Cte
mesurée avant et aprCs reduction du debit intratubulaire. Trois proto-
coles différents ont éte utilisés. (1) Dans 26 tubules (14 rats), Ia filtration
glomérulaire des néphrons (SNGFR) a éte modifiée entre 37,2 7,3 et
20,4 7,1 nI/mm par Ia microperfusion de leurs anses de Henle de 0 a s
et 40 nI/mm, respectivement. Cette reduction de 43% de SNGFR a été
suivie d'une reduction de 36,0 23,3% du debit de reabsorption (P <
0,001). Une regression linéaire a etC calculée entre les deux paramCtres,
y = 0,29x + 0,0017. (2) Dans 17 tubules (14 rats), SNGFR a etC modifiée
par feed back de 46,0 9,7 a 28,8 9,3 nI/mm. La reabsorption dans Ia
*present address: Dept. of Medicine, Tokyo Medical and Dental Univ.,
I, Yushima, Bunkyaku, Tokyo 113, Japan
**present address: Dept. of Physiology, University of Melbourne,
Parkville, Australia
Received for publication January 10, 1980
and in revised form September 16, 1980
0085-2538181/0020-0018 $02.20
© 1981 by the International Society of Nephrology
premiCre moitié de tube contourné proximal a été comparée avec Ia
reabsorption dans ses segments tardifs qui ont été microperfusés avec
du liquide tubulaire proximal a un debit de 20 nI/mm. La reduction de
36,8% de SNGFR a etC suivie d'une reduction de 28,2% seulement du
debit de reabsorption dans la premiere moitiC du tubule. Dans les
segments microperfusCs, cependant, Ia reabsorption est restCe inchan-
gee. (3) Dans 29 tubules (21 rats), une partie du liquide tubulaire a éte
soustraite, au milieu de la partie contournée et le debit de reabsorption
dans les segments tardifs a etC compare a celui des segments prCcoces,
mesuré avec SNGFR stable. La reduction du debit intratubulaire de
27,7 8,5 a 14,7 5,8 nI/mm, c'est a dire a 53% des valeurs contrôles,
a etC suivie d'une reduction du debit de reabsorption dans le segment
tardif a 60,6% de la valeur contrôle. Une regression linéaire a etc
calculée entre les deux paramCtres: y = 0,76x + 0,01. II est conclu que
Ic debit de reabsorption par le tube proximal depend de sa charge
intratubulaire en filtrat glomCrulaire et que, de plus, cette dépendance
rend compte, pour l'essentiel, du maintien de Ia balance glomerulo-
tubulaire dans des conditions d'hydropenie.
In the intact kidney, the rate of fluid reabsorption by the
proximal convoluted tubule is directly related to the glomerular
filtration rate (GFR) [1—10]. This phenomenon is commonly
referred to as glomerulotubular balance.
Variations of GFR are usually followed by changes in the
intratubular and peritubular environment [11—24], both of which
may control the rate of proximal tubular fluid reabsorption. It is
widely believed that to maintain glomerulotubular balance, the
peritubular environment exerts the controlling influence (for
reviews, see Refs. 21—24) and the contribution of intratubular
environment is of minor importance. This view was supported
by findings in microperfused proximal convolutions. When the
intratubular environment is kept stable by perfusing single
proximal tubules with Ringer's solution at a constant rate,
changes in GFR produced by constriction of the renal artery
modify fluid reabsorption in this nephron in a manner similar to
that in the untouched tubules [26]. Conversely, variation of
intratubular flow rate by microperfusion is followed only by a
slight change in fluid reabsorption [26—29], which means that
the tubular flow and its reabsorption is uncoupled.
But recently, several studies demonstrated that when the
single nephron GFR (SNGFR) was varied (at unchanged kidney
GFR) either by alterations in the tubuloglomerular feedback
[30, 311 or by variation of their intratubular hydrostatic pressure
[32] fractional reabsorption of filtered fluid remained almost
stable. If glomerulotubular balance were maintained from the
peritubular site, each nephron must have been supplied exclu-
sively with blood, which had come from the glomerulus of that
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nephron. If glomerulotubular balance were maintained predom-
inantly from the luminal site (which seems more likely as there
is a rich anastomotic pattern of peritubular capillaries), then
properties of the tubular fluid, not contained in the artificial
perfusion mediums used in the studies above [26—29], are
necessary for control of proximal tubular fluid reabsorption.
To investigate this question, we studied the effects of intra-
tubular flow rate variations on fluid reabsorption rate in single
nephrons. The tubules under study were divided functionally
into two segments, a control segment, whose intratubular flow
rate was changed either by varying this nephron's tubulo-
glomerular feedback activity by perfusing its loop of Henle
experimentally at varying rates, or by partial removing its
intratubular fluid flow rate by means of a suction pump. Our
data demonstrate that the variation of intratubular flow rate
induced an almost proportional change of fluid reabsorption
rate by a mechanism affecting the nephron from the luminal
site. The extent of proportionality was similar to that observed
by others during GFR variations in the entire kidney [1, 3, 6—8].
Methods
Animal preparation. Experiments were performed on male
Sprague Dawley rats weighing between 220 and 320 g. The
preparation and the infusion of the animals were performed as
described previously [31, 331. Experiments were discarded if
the GFR differed more than 15% in successive periods between
the left and the right kidney, or when the mean arteriat blood
pressure fell below 110 mm Hg.
Micropuncture experiments: Protocol 1 (Fig. 1). In this series
(26 tubules in 14 rats), the following procedures were carried
out. A randomly selected loop of proximal tubule was punc-
tured with a sharpened glass pipette (tip diameter, 12 pm)
containing castor oil stained with Sudan black (saturated solu-
tion), and a small oil droplet was injected to determine the flow
direction. If at least two further downstream loops were acces-
sible, a pipette containing Ringer's solution, mounted in a
microperfusion pump (Walter Klotz, workshop of this insti-
tute), was inserted into the last accessible ioop in order to
perfuse the loop of Henle and the macula densa segment.
(Ringer's solution was composed of 140 mmoles of sodium, 5
mmoles of potassium, 2.5 mmoles of calcium, 150 mmoles of
chloride, and 2 mmoles of acetate per liter.) An oil block was
then injected from the first pipette up to the tip of the perfusion
pipette, and tubular fluid was collected for a timed period of 5 to
9 mm. Immediately before the removal of the collection pipette,
the microperfusion pump was switched on at 30 to 40 nl/min,
thus preventing the oilblock from flowing downstream. After
the loop of Henle was perfused for 3 to 5 mm, a new collection
pipette was introduced into the tubule just proximal to the first
collection site, a further oil block was injected, and a quantita-
tive collection of tubular fluid was made again for 5 to 8 mm.
In some experiments this procedure was reversed. In these
cases, the perfusion pipette, with the pump running, was
introduced first; and after a minute or more the oil block from
the first collection pipette was injected and collection was
begun. The SNGFR and the isotonic reabsorption rate were
calculated as described subsequently.
In some of these experiments, recovery of labeled inulin
injected into the tubule was used to check that tubular fluid
Fig. 1. Schema of experimental protocol 1 (experimental group ib).
collection was in fact quantitative. For this, a pipette (tip
diameter, 8 j.m with long shanks) containing Ringer's solution
with radioactively labeled 3H-methoxy-inulin (concentration, 2
to 3 mgldl; spec. activity, 500 mCi/g; mean mol wt, 5000
Amersham-Buchler) and a few droplets of stained castor oil in
the tip was mounted on a microperfusion pump and inserted
into a proximal tubular segment. The perfusion rate was adjust-
ed to 3 nI/mm. After the course of the nephron was identified,
the same protocol as described above was used. Immediately
after each experiment, the calibration of this pump was checked
three times by placing the pipette tip into a 100-rd water droplet
whose temperature was kept at 38° C, and allowing the pump to
run for a timed period of 15 mm. Because the collected tubular
fluid in these experiments contained inulin and fluid in addition
to that filtered, the calculation of SNGFR and isotonic reab-
sorption had to be modified (see calculation). After the paired
collection was performed as described above, the nephron was
injected with plastic (Latex5), and the different puncture sites
were marked by injection of Sudan black and the course of the
nephron was sketched for later microdissection.
Protocol 2 (Fig. 2). In this series (17 tubules in 14 rats), the
SNGFR and the isotonic reabsorption were measured in mid-
proximal loops during experimental manipulation of SNGFR as
above. Simultaneously, a late proximal loop was perfused with
previously harvested tubular fluid (see Fig. 2, phase 1) at a
constant rate, and the isotonic reabsorption in this segment was
measured (see Fig. 2, phases 2 and 3). Oil droplets injected from
a collection pipette (pipette A, Fig. 2) were used to identify the
course of proximal tubules. If at least an additional five
downstream loops were accessible, a micropipette mounted to a
microsuction-microperfusion pump and containing about 300 nI
of tubular fluid previously harvested from a midproximal loop
of another nephron was then inserted into the next segment. A
second oil-filled collection pipette (pipette C, Fig. 2) was then
inserted one or two segments downstream, and a pipette
containing Ringer's solution with 3H-methoxy-inulin and 200
mg/dl Lissamin green and mounted on a microperfusion pump
was inserted into the last loop. The perfusion pump with the
tubular fluid was adjusted to 20 nI/mm, and the loop of Henle
perfusion pump was set at 30 to 45 nI/mm. One minute later, oil
blocks from both collection pipettes were injected, and a timed
quantitative sample of the glomerular fluid (pipette A) and the
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perfused fluid (pipette C) was collected for at least 5 mm. When
these collections were complete, both collection pipettes were
removed, and the ioop of Henle perfusion pump was switched
off. After 3 mm, new collection pipettes were inserted (pipettes
B and D) just proximal to the previous puncture site, oil blocks
were injected, and quantitative collections of glomerular and
perfused fluid were made again for periods longer than 5 mm. In
some of the experiments, the order of the ioop of Henle
perfusion rate (that is, 40 nI/mm and 0 nI/mm, as just described)
was reversed. After the paired collection, as described above,
the nephron was injected with plastic (Latex®), the different
puncture sites were marked by the injection of Sudan black, and
the course of the nephron was sketched for later microdissec-
tion.
Protocol 3 (Fig. 3). In these experiments, the isotonic reab-
sorption was again measured in two segments of the same
proximal convolution (29 tubules in 21 rats) at constant
SNGFR's, but with the fluid flow rate in the more distal
segment reduced by means of a suction pump. An early-to-
middle proximal tubule was punctured with a pipette (tip
diameter, 8 pm, long shank) containing stained castor oil and
mounted in a microsuction pump. A few small droplets of oil
were injected to determine the course of the nephron, and a
collection pipette was inserted into the last proximal loop. After
an oil block from this pipette was injected, a 5-mm quantitative
collection of tubular fluid was made. This was phase 1. After 3
mm, the last loop was repunctured with a new collection pipette
slightly proximal to the previous site, a new oil block was
injected, and the suction pump was adjusted to withdraw
tubular fluid at 13.05 5.91 nllmin. The remaining tubular fluid,
at reduced flow rate, was then collected quantitatively for 5
mm. This was phase 2. Finally, with the pump off, a ioop
proximal to the suction pipette was punctured with a new
collection pipette, and a final quantitative collection of tubular
fluid was made (phase 3). The nephron was then filled with
plastic (Latex®). The puncture sites were marked with Sudan
black and sketched for later microdissection. The SNGFR's
and the isotonic reabsorbtion rates were calculated as described
subsequently.
Chemical and radiochemical analyses. These were per-
formed as described previously [31, 331.
Calculations. (a) Clearance measurements. The GFR of each
kidney was calculated from the urine flow rate and the plasma
and urine inulin concentration in the usual manner.
(b) Measurements in single nephrons: Protocol 1. The
SNGFR was calculated as the product of the volume flow rate
at the puncture site and the tubular fluid-to-plasma inulin
concentration ratio, Net volume reabsorption rates were calcu-
lated as the difference between flow rate at the puncture site
and SNGFR. In those experiments in which the recovery of H-
methoxy-inulin was measured, the following calculation was
used.
SNGFR = VO1 (TF1 — TF*1)/P1
where 'coII is the fluid flow rate at the collection site, TF1 is
the total inulin concentration in the collected fluid, and TF*1 is
the concentration of the radioactively labeled inulin in the
collected fluid as calculated from the counts per minute in the
collected fluid and the measured specific activity in the infused
fluid. The net volume reabsorption rate was calculated as
SNGFR + V1f — V coil.
where V1f is the infusion rate of the radioactively labeled fluid.
Because the distance between the site of infusion of the
radioactive fluid and the collection site was in each experiment
less than 300 pm, any reabsorption of the infused radioactive
fluid was neglected for calculation of the TF/P1 ratio at the
collection site. It was calculated to be (TF1 — TF*1)/P1/
(1 _V*lnf/Vcoii)
Protocol 2. The SNGFR and the volume reabsorption in the
more proximal of the two segments were calculated in the
normal fashion (see protocol 1). Volume reabsorption in the
perfused segment was calculated from the perfusion rate and
the tubular fluid-to-perfusion fluid inulin concentration ratio.
Inulin recovery was measured simultaneously, and those ex-
periments in which this did not exceed 85% were discarded.
Protocol 3. The SNGFR in the first and third collection was
calculated by the same equation used in protocol 1. But for the
SNGFR in the second collection, we used the following equa-
tion:
SNGFR = (' 'TFin,suc. + end ' TFIn,end)/Pln
where is the rate at which tubular fluid is withdrawn by the
suction pump and is the inulin concentration in this
fluid; and Vend is the flow rate at last proximal tubular puncture
site and TFIn,end is the inulin concentration in this fluid.
Experiments were discarded if any of the three measurements
of SNGFR differed from the highest value by more than 30%.
To calculate the volume reabsorption in the two segments, we
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Table 1. Protocol 1: Effect of experimentally induced variations of single nephron glomerular filtration rate on proximal
tubular volume reabsorption ratea
Rat Tub
no. no.
Kidney
GFR ml!
min/g
kidney
wt U/P1,
Tubule
SNGFR ni/mm R ni/mm TF/PI
L. perf.
nI/mm
C LP
Loc. mm
Cal.
3H-Ln rec.
ni/mm
C LPC LP C LP C LP
Group la: Without recovery of inulin
1 I
., 40.50 6.00 23.12 3.39 2.30 2.33 0 40 4.10
II 39.50 15.30 15.70 4.75 1.66 1.45 0 40 1.25
2 I 24.06 16.08 3.32 3.61 1.16 1.29 0 30 0.88
H 1.29 290 29.60 22.48 15.79 11.88 2.14 2.12 0 40 3.50
III 42.68 20.10 1.64 1.63 1.04 0.95 0 40 0.75
IV 112 247
40.39 18.88
39.40 21.26
9.79 6.29 1.32 1.50
17.27 16.35 1.78 4.33
0 400 40
—
—
IV
1 ' l7 36.00 23.0036.00 21.00 14.31 8.16 1.55 1.6615.19 5.21 1.73 1.33 0 400 40 2.252.75
5 II 0.89 230 31.00 16.50 13.78 12.66 1.80 4.30 0 40 3.80
6 II 0.93 241 27.00 22.50 14,83 9.66 1.82 2,23 0 30 4.00
7 II 33.40 26.01 11.15 10.05 1.43 1.75 0 40 3.00
III 0.88 212 22.02 7.98 12.14 5.23 2.23 2.90 0 40 3.50
IV 33.23 24.93 15.46 14.96 1.87 2.50 0 40 —
Mean SD 1.09 239 33.91 18.71" 13.96 8.13" 1.70 2.18C 2.70
±0.22 ±37 ±6.48 ±5.90 ±2.45 ±4.57 ±0.39 ± 1.05 ± 1.25
8 I 1.19 189 36.43 22.40
Group Ib: With recovery of inulin
19.56 12.40 2.15 2.23 0 27 3.60 3.72 3.78 3.66
9 I 43.09 14.08 26.03 7.94 2.52 2.16 0 40 4.22 3.34 3.37 3.28
II 1.32 198 43.20 16.78 22.85 10.30 2.12 2.59 0 40 3.82 3.50 3.57 3.54
III 36.80 32.55 22.50 22.85 2.57 3.36 0 20 5.00 3.64 3.68 3.62
10 I
IL
1 "' 22 34.00 19.05
40.77 28.70
10.80 3.78 1.46 1.25
21.67 14.87 2.13 2.07
0 30
0 30
1.80
3.20
3.95
3.64
3.90 4.17
3.63 3.86
11
V 1 29
44.20 16.10
37.92 21.60
6.96 5.06 1.19 1.48
13.60 7.78 1.56 1.56
0 40
0 30
2.00
2.20
3.40
3.60
3.38 3.38
3.60 3.80
12 IV 1.11 198 39.10 25.60 13.87 8.74 1.50 1.50 0 25 2.40 4.60 4.20 4.60
13 I 0.97 212 34.07 19.50 12.44 3.03 1.57 1.70 0 30 3.20 3.00 3.08 2.88
14 I , ., 46.08 27.28 25.40 18.00 2.33 2.94 0 30 4.60 2.50 2.51 2.51
IV ' 57.60 33.74 31.52 21.02 2.20 2.65 0 30 4.06 2.90 2.70 2.80
Mean ± SD 1.23 210 4I.lO 23,20d, h 1893d ll3l" s 193b 2.12" c 334b
±0.16 ±28 ±6.50 ±6.40 ±7.34 ±6.62 ±0.45 ±0.65 ± 1.05
Mean ± SD 1.16 224 37.20 20,40h 15.80 9.61" 1.80 2.16e 304
±0.20 ±35 ±7.35 ±7.05 ±6.90 ±5.70 ±0.42 ±0.87 ± 1.17
a Abbreviations are defined as follows: GFR, renal glomerular filtration rate; U/P,,,, inulin concentration in urine over inulin concentration in plasma
SNGFR, single nephron GFR; R, volume reabsorption rate of the proximal convoluted tubule up to the puncture site; TF!P1, inulin concentration in the
collected tubular fluid over the inulin concentration in plasma; L. perf., rate of the experimental perfusion of the loop of Henle; Loc., distance between
the glomerulus and the collection site, up to which the proximal tubular volume reabsorption rate was determined; 3H-In rec., recovery of labeled inulin;
C, control period; LP, experimental period during the perfusion of the 1oop of Henle; Cal., calibration. (See also Fig. 1.)
P> 0.1, insignificant difference between groups a and b, or C between control and experimental values.d P < 0.05, significant difference between groups a and b, or between control and experimental values.
P < 0.01, significant difference between groups a and b, or g between control and experimental values.
"P < 0.001, significant differences between control and experimental values.
first had to calculate the tubular flow rate, V(X), at point x, the
site at which the suction pipette was inserted, because this
cannot be measured directly during the first and second phases.
There are six possible methods for doing this using the various
measured parameters, and because in principle each is equally
valid, all six were used and the results averaged. The experi-
ments were discarded when the percentage error (sD/i) exceed-
ed 10%. The six calculations are as follows: V(X) = SNGFR(l)/
V(x) = V(x) =
(x) = SNGFR( 1)/(TF/P1[3]); V (x)
= SNGFR(2)!TF/P1(3); where represents the tubular
fluid inulin concentration in the fluid withdrawn by suction at
point x, and the subscript 1, 2, and 3 refer to the experimental
phases (see Fig. 3). Thus, the reabsorption rate in the proximal
segment = SNGFR — V and in the late segment ("x to end")
V(X) — Vend.
Results
Protocol 1: Effect ofalteration in GFR by perfusion of the
loop of Henle from the late proximal segment on volume
reabsorption from the proximal tubule. Table 1 summarizes the
results of 26 repuncture experiments, whose experimental
protocol is described in Fig. 1 and in the Methods section as
protocol 1. The data are divided in two subgroups depending on
whether or not injection and recovery of 3H-inulin was per-
formed (with recovery, group ib; without recovery, group la).
But, as most parameters did not differ significantly, the results
of both subgroups are taken together. The length of the convo-
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luted segments studied (distance from the glomerulus to punc-
ture site) varied between 0.8 and 5 mm (that is, 12 and 57.2% of
the entire proximal tubular length). The ioop perfusion de-
creased SNGFR to a variable extent. There was a mean fall of
17.0 7.8 nl/min, which is 43 17% of the control value (Table
1). In parallel, the volume reabsorption rate decreased. There
was a mean fall of 6.2 5.3 nL1min, which is 36.0 23.3% of the
control. The TF/P1 ratio increased from 1.8 to 2.16. The
fractional decrease of SNGFR correlated significantly with the
fractional decrease of tubular volume reabsorption. The slope
of the linear regression line as calculated between the decreased
fraction of SNGFR and the decreased fraction of volume
reabsorption rate was 0.92 with a Y-axis intercept of 0.0017 (r =
0.59). The ratio between the fractional decrease of volume
reabsorption and the fractional decrease of SNGFR, which can
be used as an index for the extent of the glomerulotubular
balance, did not significantly correlate to the length of the
studied tubular segments or to the absolute values of SNGFR
measured at interrupted flow through the loop of Henle.
Protocol 2: Effect of alteration in GFR by feedback on
volume reabsorption from the first half of the proximal tubule
compared with reabsorption from a late proximal segment
perfused by a microperfusion pump with proximal tubule fluid.
The second group of experiments were performed to determine
which side of the tubular wall receives the signals adjusting the
proximal tubular volume reabsorption rate to the feedback-
induced SNGFR variations. The results are given in Table 2.
Perfusion of the loop of Henle decreased SNGFR to a variable
extent, with a mean fall of 17.7 6.3 nl/min, which is 36.8
18.3% of the control GFR. The reabsorption from the proximal
control segment perfused by glomerular filtrate fell by 4.1 3.9
ni/mm, which is 28.2 20.5% of the control value. The fraction
that decreased in glomerular filtration and in proximal tubular
volume reabsorption correlated with a linear regression of y =
0.39x + 0.31 (r = 0.465, P = 0.05). The variation of SNGFR by
loop perfusion had no significant effect on the volume reabsorp-
tion rate measured simultaneously in the microperfused seg-
ment. The perfusion rate was 20.2 0.8 nI/mm. At the higher
SNGFR these segments (mean length, 1.6 0,3 mm) reab-
sorbed 5.9 1.87 nI/mm; and at the lower SNGFR, 6.5 1.5 nIl
mm (mean length of the reperfused segments, 1.6 0.45 mm).
The TF/P1 ratios did not change (1.38 0.2; 1.45 0.2). There
was no relationship between the absolute change (SR) nor the
decreased fraction (RLp/Rc) of volume reabsorption rate and
the corresponding values of the SNGFR.
Protocol 3: Effect of removing some of the tubule fluid from
the midpoint of a proximal tubule on the reabsorption rate of
the late segment compared with the reabsorption rate of the
early part of the proximal tubule. Using protocol 3 (see Fig. 3
and the Methods section), we measured the interdependency
between the intratubular flow rate and volume reabsorption rate
in proximal convoluted tubules whose GFR remained stable
and whose intratubular flow rate was varied experimentally.
The SNGFR did not alter significantly during the three experi-
mental phases (Table 3). The volume reabsorption rate deter-
mined to the point of insertion of the suction pipette and
Table 2. Protocol 2: Volume reabsorption rate of nephrons whose early proximal tubular segments (control segment) were perfused by an
experimentally varied glomerular filtration rate and whose middle to late proximal tubular segments were microperfused simultaneously with
tubular fluid harvested just before from a neighboring late proximal tubules
Control segment
SNGFR R L. pert
ni/mm
Rat no. Tub no. C LP
ni/mm TF/P1
Length
mm C
ni/mm
LPC LP C LP
I II 52.40 27.70 20.64 11.70 1.65 1.73 — 0 40
2 I 46.75 39.39 11.06 8.85 1.31 1.29 1.50 0 40
3 I 53.13 31.60 19.92 9.94 1.60 1.42 1.77 0 40
III 55.42 32.95 15.55 12.48 1.39 1.61 1.87 0 40
4 I 49.32 22.63 5.28 3.93 1.12 1.21 1.07 0 40
5 II 48.28 31.73 14.75 15.12 1.44 1.91 2.25 0 40
III 57.10 35.60 14.16 11.86 1.33 1.50 2.25 0 40
6 I 26.74 27.50 6.22 3.02 1.30 1.12 — 30 40
II 54.43 50.33 12.27 13.51 1.29 1.36 1.57 0 0
7 1 43.86 34.85 22.70 19.83 2.07 2.32 1.90 0 30
II 49.68 31.77 20.02 11.60 1.67 1.57 2.20 0 40
8 II 41.60 27.68 9.84 9.47 1.31 1.52 0.95 0 40
9 I 36.10 16.10 4.43 3.32 1.14 1.26 0.87 0 30
10 II 42.14 29.67 12.46 11.46 1.42 1.63 — 0 40
11 I 60.19 19.44 16.25 4.71 1.37 1.32 1.20 0 45
12 I 36.40 12.46 12.29 5.21 1.51 1.72 1.75 0 40
II 28.23 17.92 9.53 7.50 1.51 1.72 — IS 30
Mean SD 45.99 28.78 13.40 9.61 1.44 1.54
P <0.001 <0.001 <0.02
Abbreviations not defined in Table 1 are: left and rt. refer to data obtained on the left and right kidney; TF/PIN', inulin concentration in tubular
fluid collected at the end of the microperfused segment over the inulin concentration in this fluid delivered to this segment by means of a
microperfusion pump; Length, distance between the glomerulus and the early proximal puncture site in the control segment and the length of the
microperfused segment, respectively; mr., fraction of the inulin delivered to the microperfused segment with the microperfusion pump and
recovered in the collected tubular fluid at the end of the perfused segment. (See also Fig. 2).
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Table 2. continued
Perfused segment Kidney
Perf. R' ni/mm TF/P1' Length mm mr.
GFR ml/min/g
kidney wt U/P1,
rate —
ni/mm C LP C LP C LP C LP left rt. left rt.
22.0 8.00 5.62 1.49 1.31 1.60 1.20 0.94 0.97 1.20 1.33 189 196
21.0 5.65 6.00 1.31 1.26 1.75 1.75 0.96 0.90 1.50 1.59 260 267
20.0 5.72 8.48 1.35 1.66 1.97 1.97 0.96 0.96 1.45 1.41 65.5 86
19.5 6.82 6.49 1.48 1.35 1.70 1.70 0.96 0.90 — — — —
19.5 6.35 6.35 1.45 1.44 1.57 1.57 0.98 0.98 0.88 0.85 132 121
21.0 3.92 4.36 1.16 1.25 1.32 1.32 0.94 0.99 0.97 1.09 232 248
20.0 5.01 5.75 1.21 1.27 1.45 1.45 0.91 0.90 — — — —
20.0 3.48 5.23 1.27 1.25 1.62 1.62 1.05 0.92 1.02 1.04 221 287
20.0 9.36 10.11 1.90 1.82 2.05 2.25 1.01 0.90 1.39 1.78 222 171
20.0 4.04 5.63 1.12 1.54 1.25 1.27 0.89 1.11 1.68 1.46 378 270
20.0 7.57 7.23 1.44 1.75 1.45 1.45 0.89 1.10 — — — —
21.0 4.03 4.99 1.12 1.18 1.05 1.20 0.90 0.90 0.97 1.09 390 400
21.0 7.25 6.70 1.46 1.50 1.87 1.87 0.95 1.02 — — 381 246
20.0 4,05 4.57 1.16 1.16 1.18 1.18 0.92 0.89 1.35 1.59 407 370
19.0 8.45 8.23 1.63 1.64 2.25 2.12 0.90 0.93 1.46 1.64 178 158
19.0 5.25 7.88 1.52 1.87 1.72 2.17 1.10 1.09 — — — —
— — .— — — — — 0.96 0.94 1.57 1.32 170 120
20.2 5.90 6.50 1.38 1.45 1.60 1.62 0.95 0.97 1.29 1.35 248 226
1.77 1.5 ±0.2 ±0.23 ±0.32 ±0.35 ±0.06 ±0.007 ±0.26 ±0.28 ± 109 ±96
>0.1 >0.1 >0.1 >0.1 >0.1 >0.1
calculated from the TF/P1 and SNGFR did not differ between
phases 2 and 3, and the values calculated for phase 1 were
similar. The fluid flow to the distal segment of the proximal
tubule could be calculated and was 27.7 ± 8.5 ni/mm in phase 1
and 14.7 ± 5.8 nl/min in phase 2 due to the removal of fluid by
the suction pump from the nephrons whose GFR stayed the
same. This decrease in intratubular flow rate was paralleled by
an almost proportional decrease of the volume reabsorption
rate in the studied segments. Between the decreased fraction of
volume reabsorption rate (R'2/R' )and the decreased fraction of
intratubular flow rate (V,2/V'1,2) a linear regression line can
be calculated whose equation is given by y = 0.76x + 0.01 (r =
0.51, P < 0.001).
Discussion
The aim of this study was to assess the effect of SNGFR
variations on proximal tubular volume reabsorption rates and to
assess the importance of peritubular and luminal controls. Our
data indicate that when the GFR of a single nephron is changed,
each proximal tubular segment adjusts its volume reabsorption
rate almost proportionally to the variations of its nephron GFR.
This relationship results predominantly from an unknown
mechanism coupling the tubular volume reabsorption rate to the
intratubular flow rate.
The repuncture data of Tables 1 and 2 show that the percent-
age change in volume reabsorption rate produced by variations
of SNGFR was not related significantly to the different levels of
control SNGFR or to the randomized length of the punctured
tubular segments on both of which the absolute rate of reab-
sorbed fluid was found to depend. The percentage change in
volume reabsorption rate to variations in SNGFR was also
independent of the magnitude of the fractional reabsorption at a
given tubular length. Thus, within the range studied, all seg-
ments of a proximal convolution adjusted their volume reab-
sorption rate to a similar extent following the variation of
SNGFR. A similar conclusion is reached from the late proximal
data in Table 3.
The data in Tables 2 and 3 demonstrate that the influence of
variations in SNGFR on volume reabsorption results from
luminal rather than from the peritubular effects. The variation
of intratubular flow rate is followed by an almost proportional
change of volume reabsorption in spite of an unaltered nephron
GFR and volume reabsorption rate in the proximal segment
(data in Table 3). The relationship is similar to that observed
when the SNGFR is varied by loop perfusion. Conversely,
when the SNGFR is varied and simultaneously a segment of the
same nephron is perfused with tubular fluid harvested from a
comparable segment of a neighboring nephron, no significant
effect of filtration rate variation on the volume reabsorption in
this segment was observed, whereas in the more proximal
segment, in which intratubular flow rate was changed by
variation of the SNGFR, volume reabsorption rate decreased to
a similar extent as it did in the control experiment given in Table
1. For the conditions in the pump-perfused segment, a recent
microperfusion study performed at similar conditions should be
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Table 3. Protocol 3: Volume reabsorption rates in proximal tubular segments (R1, R2, R3) delivered by a constant nephron GFR (SNGFR1,
SNGFR2, SNGFR3) and volume reabsorption rates in middle to late proximal segments of the same nephron (R1', R2') determined at high
(V'1,2) and low (V'2) intratubular load of tubular fluida
Rat no. Tub no.
Tubule
SNGFRI SNGFR2 SNGFR3 R1 R2 R3 'xI2' "x2
ni/mm TF/P11'
1 II
2 I
LII
3 I
4 II
5 I
III
6 I
7 1
8 II
9 I
10 III
IV
11 II
12 I'
III'
II
13 II
III'
14 I
III'
15 II
16 I
II
17 II
III
I
18 II
III
Mean SD
P
26,94
28.00
31.14
29.30
31.40
36.00
45.15
36.70
37.39
35.38
50.70
36.03
39.44
38.07
53.67
55.58
36.15
46.30
37.57
26.29
43.37
32.29
34.10
33.71
31.92
35.02
37.42
57.10
47.36
38.26
<0.05
31.84 31.91
29.60 29.00
29.00 37.00
35.11 34.03
33.47 36.20
35.70 33.90
50.58 47.92
35.80 36.70
38.42 46.38
42.64 49.74
46.75 49.80
35.48 39.11
41.66 44.37
36.93 33.70
62.39 64.23
50.69 61.16
35.08 37.36
49.50 54.37
39.14 32.91
28.00 31.88
38.80 32.60
34.21 34.19
36.28 35.66
36.34 35.29
29.25 27.27
42.80 35.39
34.69 37.37
60.95 50.14
50.79 58.15
39.72 40.61
>0.1
<0.05
3.52
12.50
4.66
12.72
3.12
17.58
12.35
12.83
6.20
4.16
14.28
8.53
5.25
16.04
10.38
15.94
4.20
5.13
6.68
12.54
24.42
7.57
12.79
11.89
12.60
14.89
8.97
14.57
9.29
10.54
8.42 5.05
14.10 13.59
2.52 6.05
18.53 14.13
5.19 8.05
17.21 13.76
17.78 13.47
11.93 11.49
7.23 11.68
11.42 11.40
10.33 10.20
7.98 10.30
7.47 8.27
14.90 11.69
19.10 17.68
11.05 17.58
3.13 4.50
8.36 13.20
8.25 2.11
14.25 16.82
19.85 15.50
9.49 10.33
14.87 14.25
14.52 11.87
9.93 9.55
22.67 15.26
6.51 6.90
18.42 10.69
12.72 17.30
12.00 11.47
<0.05 >0.1
>0.1
23.42
15.50
26.48
16.58
27.28
18.49
32.80
23.87
31.19
31.22
36.42
22.50
34.19
23.03
43.29
39.64
31.95
41.17
30.89
13.75
18.95
24.72
21.41
21.82
19.32
20.13
28.40
42.53
38.07
27.69
11.24
6.51
13.77
12.60
7.45
7.76
21.00
10.74
18.40
17,17
23.67
14.85
19.15
11.01
20.78
20.61
13.10
26.76
16.68
6.87
17.62
11.86
7.40
14.63
7.53
13.90
20.30
23.82
8.07
14.66
<0.001
1.86
1.64
1.65
1.45
1.47
1.34
1.31
1.21
1.82
1.73
1.25
1.45
1.26
1.28
1.41
1.38
1.60
1.45
1.87
1.48
1.22
1.86
1.32
1.17
1.38
1.61
2.18
1.39
1.46
1.50
<0.001
a Abbreviations not defined in Tables 1 and 2 are: Length, length of the tubular segment whose load of tubular fluid was varied at the start (point
"x") by means of a suction pump; TF/P1'; inulin concentration in the tubular fluid collected at late proximal puncture site over the inulin
concentration in the tubular fluid at point "x" at the start of this segment. (See Methods.)
mentioned. In this study, variations of pump rate were followed
by a parallel change of volume reabsorption rate when proximal
tubule fluid was used as the perfusate [34].
Variation in SNGFR in this study was achieved by perfusing
their loops of Henle at varying rates. This maneuver is thought
to change the celease of macula densa substances [35, 36],
which control the constriction of the vas afferens. Because
flow-dependent reabsorption of tubular fluid was also observ-
able at a constant SNGFR (see Table 3) when the flow through
the loop of Henle was blocked and, thus, the release of macula
densa substances can be assumed to be stable, it follows that
the macula densa mechanism is not responsible for the phenom-
enon observed in this study. This view is underlined by a recent
study [17] demonstrating that angiotensin may alter reabsorp-
tion when applied from the peritubular rather than from the
luminal side. In this study it is obvious that the adjustment of
reabsorption to variations of SNGFR occurs via a luminal
rather than peritubular pathway. The reabsorption rates in the
various tables are very different. This pattern is also found
when the data are normalized by the length of the correspond-
ing nephron segments. Such a result is not unexpected. If
volume reabsorption capacity is uniform among the different
nephron segments, as proposed previously [37], one conse-
quence of a flow-dependent volume reabsorption process is that
volume reabsorption rate decreases exponentially with length.
Indeed, for each experimental group for which the first-order
exponential decay coefficient "K" is calculated (which corre-
sponds to the maximal reabsorptive capacity), we find that "K"
is similar in all instances (range, —0.185 to —0.25). Thus, the
variation of reabsorption rate in the different experimental
groups results less from any uncontrolled experimental parame-
ters but rather from the different initial flow rates. The observa-
tion that intratubular reabsorption is flow dependent is widely
accepted [24—29, 381, but there is still controversy over the
degree to which the reabsorption is coupled to intratubular
flow. With a similar experimental approach, inconsistent results
had been obtained. In experiments in which SNGFR was varied
by loop perfusion, an almost complete balance between intra-
tubular fluid flow and reabsorption was observed [30, 311. In
contrast, other studies [39—41] found no reliable coupling
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Table 3. continued
Kidney
GFR
R,' R2'
Length
mm
mi/rnin/g kidney wt U/P,,,
left rt.TF/P12' ni/mi,, left rt.
1.85 10.80 5.18 1.30 0.96 1.15 115 142
1.65 6.06 2.56 1.82 0.87 1.20 180 198
1.66 10.43 5.46 1.23
1.45 5.14 3.90 1.31 1.12 1.05 212 195
4.07 8.78 5.62 1.50 0.92 1.13 190 168
1.88 4.71 3.65 1.10 1.02 0.97 162 180
1.21 7.70 3.63 —
1.22 4.25 1.91 — — — — —
1.66 14.09 7.35 2.50 0.82 0.94 110 115
2.05 13.18 8.80 2.40 1.59 1.65 143 115
1.25 7.21 4.71 0.80 1.65 1.53 149 107
1.74 8.51 6.34 1.75 1.64 1.63 81 65
1.56 7.11 6.89 2,00
1.35 4.65 2.89 1.00 1.08 1.12 115 140
1.37 13.62 5.57 2.20 1.60 1.43 115 159
1.54 10.90 7.23 1.00
2.62 11.98 8.10 2.75 1.33 1.52 111 102
1.54 12.86 9.34 1.65 1.31 1.53 162 144
1.87 14.12 7.75 3.07 0.83 0.98 50 55
1.60 4.46 2.60 1.55 1.42 1.28 203 253
1.25 3.43 3.52 1.82
1.87 11.47 5.54 2.32 0.93 0.73 167 175
1,32 5.25 1.80 1.62 1.07 1.07 225 215
1.40 3.20 4.18 2.30
2.26 5.37 4.21 1.85
1.32 7.67 3.36 2.12 0.89 1.15 129 162
2.93 15.36 13.37 2.55
1.35 12.13 6.17 1.87 1.34 1.37 190 143
1.85 12.01 3.72 2.37
1.75 8.84 5.36 1.18 1.23 148 149
3.75
<0.001 <0.001 >0.1 >0.1
between both parameters. Similar discrepancies were obtained
in studies in which the SNGFR was changed by the variation of
intratubular hydrostatic pressure. In the study of Schnermann,
Levine, and Horster [32], the fractional reabsorption remained
almost stable, whereas in the studies of Steven [42] and of
Seller and Gertz [43], the absolute reabsorption remained
stable. When the intratubular flow rate was varied by partial
collection of intratubular fluid in an early proximal tubular
segment (see protocol 3), Bartoli, Conger, and Earley [22]
observed a similar degree of dependency between flow and
reabsorption as we did in this study' in contrast to the finding of
'We concede that the exact quantitative interpretation of these data
suffers from methodologic problems. The authors measured the volume
reabsorption while they varied the intratubular flow rate at a constant
SNGFR by manually aspirating a fraction of the tubular fluid. Uncon-
trolled variations in the rate of fluid removal give rise to an apparent
dependency of isotonic reabsorption on luminal flow rate. Only at an
almost complete balance between fluid load and its reabsorption rate
can this source of error be expected to become negligible.
Lefatour, Gennari, and Cortell [45] who found no such depen-
dency.
The differences in results from similar experiments are too
large to be explained by analytical or methodologic errors. In
those studies where volume reabsorption was found to be
independent of the magnitude of SNGFR or intratubular flow
rate, a decrease of the latter parameter was accompanied by an
increase of the TF/P, ratios much higher than the methodologic
error expected. In those studies, however, where reabsorption
was found to be related to intratubular flow rate, some experi-
ments were performed in which reabsorption rates measured at
control conditions were considerably higher than the fluid flow
during the recollection period when flow rate was experimental-
ly reduced (see Table 3). However, since tubular fluid collected
during the recollection phase had a similar inulin concentration
to the control phase, one must conclude that the reabsorption
rate was considerably reduced, otherwise the tubule would
have collapsed. Similar considerations can be made also from
experiments given in Table ib, in which the correct measure-
ment of SNGFR during control and repuncture phase was
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ascertained by an almost complete recovery of 3H-inulin simul-
taneously infused. Thus, it seems likely that differences in the
experimental protocol might be responsible for the discrepan-
cies in the results of the studies mentioned above.
The evaluation of the differences in the experimental protocol
meets with difficulty because the mechanism underlying this
phenomenon is undefined. There are some indications that it is
maintained by the action of some constituents in tubular fluid.
In microperfusion studies, we observed a flow-dependent reab-
sorption similar to that in this study only when the tubules were
perfused with glomerular filtrate or with tubular fluid harvested
just before from a comparable neighboring tubule of the same
kidney. When artificial solutions (Ringer's solution or ultrafil-
tered rat plasma) were used, this characteristic of reabsorption
was practically lost [341. Thus, flow-dependent reabsorption
may be mediated by unknown constituents contained only in
the tubular fluid. These may react with some structures of the
tubular cells to induce a temporary effect on the cellular
transport. If the halftime of this effect was in the range of a
minute or more, the full effect of flow rate variation on transport
would only be observed after periods of a few minutes were
allowed to elapse, and thus, the collection time would become a
determinant for the result obtained. A comparison of the
different protocols with respect to this question reveals that in
those studies in which no dependency of volume reabsorption
on flow rate was observed, samples were taken with rather
short periods. In our study, the highest degree of balance
between fluid load and its reabsorption was observed with the
protocol of the experiments summarized in Table 1 in which
samples were taken only after an equilibration period of at least
3 mm and over sampling periods of 5 mm or more. In the
experiments presented in Tables 2 and 3 where the equilibration
period for technical reasons had to be shortened or even left out
(experiments in Table 3), the dependency of the volume reab-
sorption on variations of the flow rate was less complete.
In our experiments, the volume reabsorption of single proxi-
mal convolutions varied in proportion to the experimentally
induced changes of the tubular load of glomerular filtrate. This
variation was similar to that reported in proximal convolutions
of kidneys with intact glomerulotubular balance [1—3, 5—8, 23],
and it was observed at conditions when the peritubular environ-
ment of these single nephrons can be assumed to have remained
stable. This implies that the mechanisms responsible for the
luminal coupling of the intratubular load and its reabsorption
are insensitive to variations of the peritubular environment and,
therefore, that glomerulotubular balance must result predomi-
nantly from luminal coupling.
Surprisingly, the first assumption is also supported by studies
that are commonly reported to stress the view that the glomeru-
lotubular balance is maintained predominantly by peritubular
parameters. In those studies, the volume reabsorption rate was
measured in single proximal convolutions before and after the
perfusion of their peritubular capillaries with different artificial
solutions [12, 44, 46, 47]. If the volume reabsorption rates are
expressed per millimeter of tubular length, a close relationship
exists between this parameter and the corresponding rate of
SNGFR. In contrast, when the same volume reabsorption rates
per millimeter of proximal tubular length were compared with
those variations in colloid osmotic pressure of the solutions,
applied on the peritubular side, which could develop with
filtration fractions between 0 and 35%, a small, and, in most
experiments, insignificant relationship is obtained (see also
Refs. 48—50). If in the entire kidney, the regulation of the
proximal tubular volume reabsorption following changes in
glomerular filtrate should likewise be independent of the peritu-
bular environment, and if, when renal GFR varies, any major
changes of the peritubular environment are prevented by the
coupling of the glomerular and the peritubular hemodynamics,
the glomerulotubular balance of the cortical proximal convolut-
ed tubules may result predominantly from the mechanisms
underlying the flow dependent reabsorption. This view is
consistent with the observations of Tucker and Blantz [91 who
found that the volume reabsorption rates of superficial proximal
convolutions correlated better with the variation in the GFR
than with the peritubular Starling forces. It must be emphasized
that these conclusions have to be restricted to the conditions of
hydropenia. As demonstrated by Ott et al [51], when hyperon-
cotic albumine solutions were injected into the renal artery of
dogs, the fractional proximal tubular volume reabsorption rate
remained unaltered only in hydropenic animals. If the dogs had
been volume expanded, the same albumine dose caused an
increase in the fractional volume reabsorption that had been
decreased by volume expansion.
That the glomerulotubular balance is maintained by luminal
rather than by peritubular mechanisms appears to be contra-
dicted by BUntig and Earley [261 but this contradiction is not
supported by their data. They found in microperfused proximal
tubular segments that the reabsorption of Ringer's solution
varied only slightly when the perfusion rate was changed, but
that it was reduced almost proportionally when the renal blood
flow was experimentally diminished by constricting the renal
artery. The latter procedure resulted in a prolongation of the
proximal tubular passage time from 9.6 0.3 sec at control
conditions to 23.5 1.5 sec. This means that the state of the
glomerulotubular balance, that is, the magnitude of the fraction-
al reabsorption, was changed because a constant fractional
reabsorption can only be assumed when the proximal tubular
passage time remains stable. Thus, the experiments of BUntig
and Earley were performed at conditions different from ours.
Conclusion. The present data demonstrate that in conditions
of hydropenia the proximal tubular volume reabsorption is
controlled by the tubular load of glomerular filtrate. This
mechanism seems to be rather insensitive to variations of the
peritubular environment and to depend on factors present in the
tubular fluid. We suggest that glomerulotubular balance in the
proximal tubule is predominantly caused by a luminal effect
coupling the tubular load of glomerular filtrate to its reabsorp-
tion by the tubule.
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